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INTRODUCTION 
The 3 species of corn rootworms (Coleoptera: Chrysomelidae) that are 
of economic importance in Iowa are Didbrotica longicom-is (Say), the 
northern corn rootwom; Didbrotica virgifera LeConte, the western corn 
rootworm; and Diabroti-aa undecimpunctata howardi Barber, the southern 
corn rootworm. 
In recent years growing continuous corn has become financially 
beneficial to many Iowa farmers. The larvae of the northern and western 
species feed mainly on corn and thrive under conditions of continuous 
corn. 
Rootworm research in the past has centered on control measures such 
as insecticide usage, crop rotation and development of resistant lines of 
corn. Few, if any, researchers have attempted to define those factors 
present in the cornfield that enhance or limit rootworm populations. 
Mathematical models based on multivariate-analysis techniques can be 
used to predict changes in insect populations. Such a model delineates 
those factors important to insect survival and can be used to develop 
pest management systems. A pest management system for the rootworm 
complex must be designed to eliminate pesticide use while keeping rootworm 
damage below economic-injury levels. This system must be based on a 
thorough knowledge of rootworm biology starting with the complex relation­
ship of the insect and its physical environment. 
A general model based on compartments (Fig. 1) was developed to show 
the relationship of environmental factors to rootworm damage. Rootworm 
numbers as measured by the root-damage rating were related to lodging and 
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Figure 1. General model showing relationship between environmental factors, rootworm 
numbers, root-damage rating, plant lodging and yield loss 
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yield loss in the cornfield. In this study the compartment dealing with 
edaphic and agronomic factors was analyzed and a submodel developed for 
this portion of the general model. This submodel was further utilized to 
develop a predictive equation for roGtworm damage. The equation was 
designed so that it could be used to predict cornfields in which rootworms 
would cause yield loss. If utilized a prediction such as this could 
lessen the burden of insecticide pollution caused by the application of 
unnecessary rootworm insecticides. 
The primary purposes of this study were: 
1. to determine environmental factors of an edaphic or 
agronomic nature important to survival of rootworms 
2. to outline methodology useful in analysis of biological 
data derived from survey techniques and 
3. to show that a predictive equation for rootworm damage is 
a useful tool in a pest management system for rootworms on 
corn 
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DATA COLLECTION 
This study was conducted in association with a project^ designed to 
determine the effects of soil type, management and weather on corn yields. 
The project was initiated in 1957 and now includes 15 Iowa counties 
(Fig. 2). The sites in each county were selected at random within the 
quarter-sections (3 per legal township) that were sampled for the Conser­
vation Needs Survey. The corn yield was checked and other observations 
were made whenever the site was planted to corn. The site area had the 
same management as the rest of the field in which it was located. 
The harvest area at each site covered an area about 13 x 30 feet. 
The soil type at each site was determined by soil scientists of the U. S. 
Soil Conservation Service. Observations made at each site throughout the 
growing season and at harvesttime included many of the factors influ­
encing corn yield. Yields were determined after maturity by hand-picking. 
The farmer-cooperators supplied soil and crop management data at the end 
of each season. 
Root-lodging percentage was based on the number of stalks leaning 
more than 30 deg from the vertical. The insecticide used by the farmer 
was reported in pounds active insecticide per acre. The stand level, 
based on the number of stalks in the test area at harvest, was reported 
as number of stalks per acre. The planting date was reported by the 
Project 1377 of the Agricultural and Home Economics Experiment Sta­
tion and Cooperative Extension Service, Iowa State University and the Soil 
Conservation Service, U. S. Department of Agriculture. All observations 
for the project were taken by personnel under the supervision of Dr. L. C. 
Dumenil. 
1963 1964 1966 1970 
HlTCHekL mcKi 
crtmtH 8IOUK PALO ALTO 
CLAYTON 
UDUVI^T/ ^>OgMONTAS 
2LSa% roRuSt 
L 
CUMTOM 
VAN MCN 
cn 
Figure 2. State map of Iowa showing research counties. Dotted lines and dates show 
the arrival of western-corn-rootworm populations in various areas of the state 
6 
farmer. The silking date was the estimated date when silks had emerged 
on 75% of the stalks and was based on repeated visits to the site in con­
nection with the leaf-sample collection. Grassy and broadleaf weeds were 
cut separately at harvesttime from a 3- to 5-foot strip across the width 
of the harvest area. They were air-dried, weighed and reported as pounds 
of air-dried grassy and broadleaf weeds per acre. 
Availability of the major soil nutrients to the corn was measured in 
2 ways. Chemical analysis of 15-20 corn leaves sampled at the time when 
the corn was 40-90% silked indicated the availability of nutrients to the 
corn in the current season. The leaf samples were dried, ground and ana­
lyzed for total N, P and K according to standard procedures in the Agron­
omy Department Soil Fertility Analytical Laboratory. Tests for pH and 
available N, P and K were run from a soil sample taken at harvesttime 
from each site according to standard procedures in use at the Iowa State 
University Soil Testing Laboratory. 
The slope of the site area was reported by the standard method as a 
percentage. The percentage of clay in the plow layer of the soils was 
estimated from soil-type means based on numerous previous analyses. The 
soil-drainage class of each site was estimated from the known character­
istics of the soil type and was adjusted at some sites for proximity to a 
tile drain. Yields were based on hand harvesting of the plots and were 
calculated as bushels per acre of #2 (15.5% moisture) shelled corn. If 
the field was damaged by hail the yield was adjusted to a zero-damage 
basis using the estimated percentage of hail damage. 
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Soil and crop-management practices used at each site were obtained 
from each farmer-cooperator. Rainfall data were obtained from rain gauges 
located near each site and were recorded by the cooperating rainfall ob­
servers. The rainfall data were grouped into 6 periods for analysis. 
The rootworm portion of the study was begun in the fall of 1964 and 
continued through 1969. Ten root-systems were randomly selected from each 
site except for the following restriction: a comparable percentage of 
lodged plants was selected for the sample as was present in the plot. The 
10 root-systems were dug up, placed in an onion sack, and brought to Ames 
where the root systems were washed and evaluated. 
The washing was accomplished by spraying the root system with water 
under pressure. The clean root-system was then rated for rootworm damage 
on the following scale: 
1—Root systems showing no visible damage or with a few minor 
feeding scars 
2—Some roots of system with feeding scars, but no roots eaten 
off to within 1.5 inches of the plant. May include one or 
two shortened roots if rest of system is free of damage 
3—Three or more roots eaten off to within 1.5 inches of the 
plant, but never the equivalent of an entire node of roots 
gone 
4—One node of roots completely destroyed or the equivalent of 
one node destroyed. Destroyed means of no functional value 
to the corn plant 
8 
5—Two nodes of roots completely destroyed 
6~Three or more nodes destroyed 
This rating system was developed by Drs. D. C. Peters and G. J. Eiben at 
Iowa State University. The system was reported by Eiben (1967). 
Ratings were made for secondary roots, root angle and root-system 
size along with the damage rating. These ratings were made in an attempt 
to learn more about the plant's relationship to its environment. 
Secondary roots are those roots which grow from the crown roots of 
the plant and were rated on a l-to-5 scale as follows: 
1—System almost devoid of secondary roots 
2—Some secondary roots present, but number quite small 
3~System with moderate number of secondaries 
4--Quite a few secondaries, but less than 5 rating 
5~System so profuse with secondary roots that it is impossible 
to see through system center 
The root angle is the angle that the top 2 or 3 nodes of roots make 
with the corn stalk. Very little attention was given the lower nodes of 
roots when rating root angle. The root-angle rating was on a l-to-5 scale 
as follows: 
1—Roots almost perpendicular to plant, growing parallel to the 
surface of the soil 
2~Roots approximately 23 deg from the surface of the soil 
3—Roots about 45 deg from the surface of the soil 
4—Roots about 70 deg from the surface of the soil 
5—Roots almost perpendicular to the surface of the soil, grow­
ing parallel to the cornstalk 
9 
The root-size rating was based on a l-to-5 scale. This is an arbi­
trary scale based on the size relationships of the root systems to each 
other as follows: 
1—The smallest root systems 
2—Root systems slightly smaller than average 
3—Root systems average in size 
4—Root systems slightly larger than average 
5—The largest root systems 
Notes were also taken on the amount of 2,4-D damage and root rot 
present on the root systems. These values were recorded as percentages 
of root systems showing 2,4-D damage or root rot. Characteristics of 
2,4-D damage include increasing numbers of roots and twisting and fusion 
of roots of the top 2 nodes. Root rot is characterized by a general de­
cay of the root system and in many instances the roots become black or 
pinkish in color. 
The data collected were punched on IBM cards for use in statistical 
analyses run by the Iowa State University Computation Center on an IBM 
360/65 computer. 
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STUDY VARIABLES AND PRELIMINARY ANALYSES OF DATA 
The variables included in this study are shown in Table 1. These 
variables were classified as agronomic (controlled by the farmer), edaphic 
(related to the soil), plant characteristics (related to the corn plant) 
and other (rainfall and weeds). Damage, lodging and yield were the depen­
dent variables to be explained in this study. 
Table 1. Study variables 
Variables 
Agronomic Plant Characteristics 
Rotation 
Previous Silking Date 
Number of Tillage Operations 
Insecticide Effectiveness 
Plant Population 
Planting Date 
Manure 
Fall or Spring Plowing 
Silking Date 
Root-System Size 
Root Angle 
Root Rot 
Secondary Roots 
2,4-D Damage 
Leaf N 
Leaf P 
Leaf K 
Other Edaphi c 
Grassy Weeds Slope of Site 
Soil Drainage 
Soil Clay 
Soil N 
Soil P 
Soil K 
pH of Soil 
Broadleaf Weeds 
Rainfall in May 
Rainfall in June 
Rainfall: 30-Day Period Prior to Silking 
Rainfall: 30-Day Period Following Silking 
Dependent Variables: Damage Rating, Plant Lodging and Yield 
n 
The preliminary analysis of data in this study consisted of simple 
means for rootworm damage, calculated for each of the study variables. 
Simple means might be confounded by interactions among variables in the 
study. These means, however, show trends between the independent variables 
and the root-damage rating. 
Crop Rotation 
Crop rotation was one of the first rootworm control measures used and 
has proven to be one of the most effective. Riley (1880) recommended the 
use of rotation to control the northern corn rootworm. Several workers 
including Forbes (1915), Bigger (1932) and Blair and Triplehorn (1962) 
confirmed Riley's report. Tate and Bare (1946) studied crop rotation as a 
control method for the western corn rootworm and concluded that as the 
number of years in continuous corn increased the incidence of damage also 
increased. Gunderson (1963) stated that conditions were most favorable for 
rootworms when corn followed corn. The data in Table 2 shows that the 
highest damage in this study occurred on sites where corn followed corn. 
In 4 of the 6 study years the highest damage occurred on second-year rather 
than continuous-corn sites (Table 19, page 84). This agrees with Tate and 
Bare (1946), who reported that the severity of rootworm damage did not 
continue to increase after the first few years of continuous corn. The 
stabilized rootworm populations as measured through damage ratings might be 
due to buildup of populations of organisms inimical to rootworms in contin­
uous-corn sites. 
The highest damage on sites following crops other than corn was noted 
on sites following soybean (Table 2). This was reported by Gunderson (1963) 
Table 2. Average root-damage ratings showing the effect of rotation and year on rootworm damage on 
all sites observed in Iowa from 1964 to 1969 
Previous Cropping History® 
Year C-C~C~C C-C-C C-C C-0 M Sb-C Sb-0 0 
1964 1.93 (21)b 2.27 (7) 2.27 (16) 1.98 (70) 1.19 (64) 1.52 (43) 1.26 (18) 1.45 (28) 
1965 2.35 (20) 2.36 (8) 2.14 (23) 1.80 (48) 1.27 (75) 1.55 (43) 1.14 (14) 1.40 (34) 
1966 2.14 (19) 1.36 (9) 1.55 (12) 1.79 (67) 1.08 (42) 1.12 (46) 1.06 (16) 1.13 (25) 
1967 2.16 (19) 2.15 (4) 2.13 (20) 2.12 (40) 1.01 (28) 1.46 (41) 1.02 (9) 1.41 (20) 
1968 1.91 (17) 1.92 (13) 1.85 (12) 2.31 (20) 1.02 (23) 1.44 (59) 1.17 (6) 1.48 (18) 
1969 1.39 (26) — — 1.45 (6) 1.44 (30) 1.01 (28) 1.05 (34) 1.12 (6) 1.26 (5) 
^First letter refers to crop immediately preceding year site was included in the study. 
C = corn, 0 = crop other than soybean, meadow or corn, M = meadow, Sb = soybean. 
^Number of observations in parentheses. 
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when he stated that volunteer corn and weeds in soybean fields attracted 
ovipositing rootworm-beetles and resulted in rootworm damage the following 
year. A portion of the damage on first-year corn sites might be attrib­
uted to southern corn rootworms, which as reported by Arant (1929), Isely 
(1929) and Tate and Bare (1946) cannot be controlled by crop rotation. 
The southern corn rootworm flies into Iowa in the spring and oviposits in 
soil in cornfields. This may cause rootworm infestations in some first-
year cornfields. If all damage to first-year corn were due to southern 
rootworms the damage should be distributed evenly regardless of the pre­
vious year's crop. The ovipositing beetle could not be expected to dis­
tinguish first-year cornfields from those cornfields in continuous corn. 
A third explanation for rootworm damage on first-year corn was based on 
the observation that the highest damage following soybeans occurred in 
fields one year from corn in the rotation in all years except 1969. This 
observation suggested that rootworm eggs might have carried over from the 
previous corn crop. Rootwonn-egg carryover was shown to be a possibility 
by Chiang (1965) when he reported that some eggs of the northern corn 
rootworm remain viable following exposure to a second period of winter 
temperatures. 
Although a small number of first-year-corn sites showed damage, none 
approached a severe damage level. This suggests that rotation was still 
the most effective means of rootworm control available to the Iowa farmer. 
Insecticide Usage 
Where corn follows corn, rootworm control could be achieved with in­
secticide application. Prior to 1963 adequate control of the northern 
14 
corn rootworm was accomplished in Iowa with the chlorinated-hydrocarbon 
insecticides, mainly aldrin and heptachlor. Presence of the western corn 
rootworm in Iowa was noted in Mills and Montgomery counties in 1953 and 
recorded by J. H. Lilly (Olson 1968). The western corn rootworm was not 
widely distributed in Iowa until the fall of 1962. Gunderson (1963) re­
ported the western corn rootworm present in 22 Iowa counties in 1962. In 
1963 the western corn rootworm, resistant to chlorinated-hydrocarbon in­
secticides, caused economic damage in most counties in the western third 
of the state (Fig. 2, page 4). By 1964 the western corn rootworm was 
present in all counties in the western half of Iowa. Consequently the 
Summary of Iowa Insect Pest Control Recommendations for 1965 stated that 
aldrin and heptachlor could still be used for rootworm control in eastern 
Iowa, but these chemicals were not reconmended in the western half of the 
state. The use of aldrin and heptachlor for rootworm control was not 
recommended in eastern Iowa in 1966 because of the influx of the resistant 
western-corn-rootworm and the development of chlorinated-hydrocarbon re­
sistance in the endemic northern-corn-rootworm population. 
Frequent failures of diazinon were reported in Iowa in 1967, pre­
sumably due to diazinon resistance in the western corn rootworm. Diazinon 
applied at planting time was not recommended for rootworm control in 1968, 
but was recommended in 1968 and 1969 if used as a cultivation treatment. 
The evaluation of insecticide effectiveness was difficult in this 
study due to eastward migration of the western corn rootworm and the 
development, during the study years, of insecticide resistance in both 
the northern and western corn rootworms. The insecticides were rated on 
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an effectiveness scale depending on their performance in previous experi­
ments in Iowa and altered according to the year in which the insecticides 
were used. The effectiveness scale used appears in Appendix Table 18 
(page 82) and ranges from the most effective insecticide (9) to the un­
treated checks (1). 
Cultural Factors 
Seedbed preparation was included in the analysis as the number of 
field-tillage operations. Field operations included preplant tillage, 
planting and cultivation of the corn crop. The effect of seedbed prepara­
tion was assumed to be mechanical destruction of the rootworm eggs present 
in the soil. The preliminary analysis (Fig. 3) showed little relationship 
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Figure 3. Average root-damage ratings showing the effect of 
number of field operations on rootworm damage on 
corn-following-corn sites in Iowa from 1964 to 1969 
(number in bar = number observations) 
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between damage and number of field operations, although a decreasing trend 
was noted as the number of operations increased. The variable was re­
tained because of present interest in minimum tillage practices and the 
resulting influence on rootwonn damage. 
Rootworra adults tend to migrate to cornfields which contain fresh 
silk. This has been demonstrated by the use of a trap crop, or late-
planted corn, to attract rootworm beetles to sites which were to be used 
for rootworm research in the next year. The effect of beetle migration 
in this study was evaluated by using the date in the previous year by 
which 75% of the cornstalks in a field had silked. This date was re­
corded as days prior to or following the average 75% silking date for the 
other fields in the county. The results were inconclusive (Fig. 4) but 
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Figure 4. Average root-damage ratings showing the effect of the 
previous silking date on rootworra damage on corn-fol­
lowing-corn sites in Iowa from 1964 to 1969 (number 
in bar = number observations) 
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suggest that earlier silking fields had higher rootworm damage the fol­
lowing year. 
The effect of plant population on root damage has not been described. 
Figure 5 shows that as plant population increased the average root-damage 
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Figure 5. Average root-damage ratings showing the effect of plant 
population on rootworm damage on corn-foil owing-corn 
sites in Iowa from 1964 to 1969 (number in bar = number 
observations) 
rating decreased. This trend may be misleading because both higher plant 
populations and decreased damage-ratings occurred during the last years of 
the study (Table 19, page 84). In addition higher stand-levels generally 
occurred in eastern Iowa where rootworm damage was lowest during the study 
years. 
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Time of planting may influence rootworm damage. Tate and Bare 
(1946) reported that early-planted corn was likely to suffer less damage 
than later plantings in Nebraska. Roselle (1962) stated that late-planted 
corn will often be more severely damaged by rootworms than corn planted 
early. Gunderson (1963) recommended that corn be planted early so that 
the plant could establish a good root-system before rootworms hatched. 
The mean damage for planting date is shown in Figure 6 and the highest 
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Figure 6. Average root-damage ratings showing the effect of planting 
date on rootworm damage on corn-following-corn sites in 
Iowa from 1964 to 1969 (number in bar = number of observa­
tions) 
19 
damage occurred on the 9 earliest-planted sites. Most of the early sites 
(planted April 30-May 9) showed less damage than those sites planted from 
May 10-May 19. 
Chiang (1969) reported that mites present in manure destroyed root-
worm eggs thus lowering damage on cornfields that were manured. The re­
sults of manure application on sites in this study are recorded in Table 3. 
Table 3. Average root-damage ratings showing influence of manure on 
rootworm damage in fields of corn-following-corn in Iowa 
from 1964 to 1969 
Tons Manure 
Iowa Counties 0 1-10 11-15 16 + 
Bremer, Fayette, Howard, Hamilton 1.44(95)* 1.26(10) 1.79(10) 1.23(3) 
Cass, Crawford, Harrison , Woodbury 2.43(162) 2.40(8) 1.82(7) 
Clay, Lyon 2.34(43) 1.87(5) 1.32(5) 1.90(1) 
Keokuk, Linn, Muscatine 1.55(122) 1.84(12) 1.64(7) 2.50(3) 
^Number of observations in parentheses. 
Although the effect of manure application was inconclusive the variable 
was included in further analyses. 
The effect of fall versus spring plowing on rootworm damage has not 
been entirely settled. Workers in South Dakota (Calkins and Kirk 1969) 
reported that less damage occurred on spring-plowed fields following win­
ters which were abnormally dry. The reverse was noted in Nebraska (Tate 
and Bare 1946) and Iowa where less damage occurred in fields that were 
fall plowed. Results of this study showed no significant difference 
20 
between fall plowing (Damage = 1.8) and spring plowing (Damage = 1.9), 
consequently the variable was dropped from succeeding analyses. 
Edaphic Factors 
Soil moisture may be a factor influencing rootworm damage. Luginbill 
(1918) observed that the southern corn rootworm most often lived in moist 
soil during its larval stage and that corn in lowlands was most seriously 
affected. Symons (1906) also suggested that low, wet ground should be 
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avoided in order to escape damage by southern corn rootworms, A measure 
of soil moisture was included in this study as the drainage rating. Fig­
ure 7 shows that the poorly drained soils tended to have higher damage 
than the better-^drained soils, although the data were inconclusive. 
The effect of pH was erratic as shown in Figure 8. The pH variable 
was retained for further analyses because it may be connected with 
insecticide performance. More rapid insecticide degradation has been 
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associated with high pH soils in the past and could lead to poor control 
of rootworms under certain soil conditions. 
Figure 9 shows the apparent curvilinear relationship between slope 
of site and damage rating. Highest rootworra damage occurred in nearly 
level fields (0-2% slope) and the steeper slopes (6-10%), The damage on 
the 6-10% slopes was hypothesized to be directly related to problems of 
insecticide placement and retention in the soil near the corn plant. It 
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Figure 9. Average root^damage ratings showing the effect of 
slope on rootworm damage on corn-foilowing-corn 
sites in Iowa from 1964 to 1969 
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was felt that insecticides applied to soils on the steeper slopes would 
be subject to the influence of erosion resulting in poorer rootworm 
control. 
A linear relationship existed between percentage of clay of the soil 
and damage ratings. Figure 10 shows that as percentage of clay of the 
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Figure 10. Average root-damage ratings showing the effect of percentage 
of clay of the soil on rootworm damage on corn-foilowing-corn 
sites in Iowa from 1964 to 1969 
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soil increases damage ratings increase on corn-following-corn sites. The 
same trend was noted for damage ratings on sites following soybean (Fig. 
10). 
The level of soil fertility has also been mentioned as an important 
factor in rootworm control. Forbes (1894) stated that the use of manures 
and fertilizers to maintain high soil fertility was the only preventive 
measure, other than rotation, for controlling rootworms. He observed 
that high fertility did not actually control corn rootworms but allowed 
the plants to produce a crop under a light infestation. He also indicated 
that certain fertilizers, such as potash salts, might have a deleterious 
effect on rootworm larvae in the soil. Chittenden (1905) also suggested 
the use of high fertility to reduce rootworm damage. Luginbill (1918) 
recommended the use of legumes in the crop rotation because they enriched 
the soil and produced hardy, more resistant corn plants. He cautioned 
that fertilized soil would not repel southern corn rootworms but it did 
create a less desirable breeding area. Tate and Bare (1946) observed that 
under a light rootworm-infestation corn could be grown 3 or 4 years in 
succession if optimum soil moisture and fertility levels were maintained. 
Hill, Hixson and Muma (1948) reported that the lowest root-lodging percent­
ages (caused by corn rootworms) and the highest yields occurred in plots 
fertilized with 40-80 pounds of nitrogen per acre at the last cultivation. 
Conversely, they reported that the lowest yields and the greatest amounts 
of root lodging occurred in plots without nitrogen. When nitrogen was 
plowed under or applied at planting time, the yields and amounts of damage 
were moderate. They also reported that phosphorus and nitrogen did not 
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affect the rootworm population but brought about rapid root-recovery. 
Metcalf, Flint and Metcalf (1962) reported that southern corn rootworm 
damage was most severe on high fertility soils that produced a heavy, early 
growth of vegetation. Roselle (1962) stated that a fertilization program, 
based on soil tests, would reduce the effect of corn rootworm damage and 
increase yields. He also stated that additional nitrogen in irrigation 
water would help plants recover from rootworm damage. 
The major soil nutrients, nitrogen, phosphorus and potassium were 
included in the first analysis. Soil nitrogen (Fig. 11) was dropped as 
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Figure 11. Average root-damage ratings showing the effect of 
soil nitrogen on rootworm damage on corn-following-
corn sites in Iowa from 1964 to 1966 (number in bar 
= number of observations) 
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it did not appear to be related to damage ratings. Soil phosphorus and 
soil potassium were retained for further analyses. The relationship of 
soil phosphorus and root-damage ratings appears nonsignificant (Fig. 12), 
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Figure 12. Average root-damage ratings showing the effect of soil 
phosphorus on rootworm damage on corn-following-corn 
sites in Iowa from 1964 to 1969 (number in bar = 
number of observations) 
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however this variable was retained because of a possible interaction with 
soil potassium. Soil potassium shows^a significant positive relationship 
with root-damage ratings (Fig. 13) and was retained for further analyses. 
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Figure 13. Average root-damage ratings showing the effect of soil 
potassium on rootworm damage on corn-following-corn 
sites in Iowa from 1964 to 1969 (number in bar = number 
of observations) 
28 
Factors Related to Corn Plant 
No source of information is available concerning the relative 
qualities of commercial corn hybrids in relation to rootworm damage. In 
addition, the large selection of hybrids available to the farmer made in­
clusion of the hybrid grown at each site impractical in this analysis. 
The plant root-system was characterized by angle, size, secondary roots 
1 
and percentage of root-rot noted at each site. None of the above factors 
appeared related to root damage (Tables 21-23, page 86). Leaf analyses 
for the 3 major nutrients and the 75% silking date of the site ware in­
cluded in the study. Rootworm damage might reduce the ability of the 
plant to acquire nutrients from the soil. This relationship could be re­
flected in decreased percentages of nutrients in leaf analyses. A similar 
relationship might exist between damage and silking date (Table 25, 
page 88) where increased root-damage might delay silking of the plant. 
These relationships are important when considering corn yields, but offer 
little insight into mechanisms involved in root-damage ratings. Only root-
size rating and silking date of the plant characteristics were included 
in further analyses. 
The effect of 2,4-D damage on root damage ratings was con­
sidered. Root systems showing 2,4-D damage were noted on a percentage 
basis. The results of 2,4-D damage appeared nonsignificant. The variable 
was, however, included in the initial regression-analysis. 
TRating system for each factor included in introduction (pages 8 
and 9), 
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Rainfall and Weeds 
The final category included rainfall and weeds. The effects of rain 
appeared to be nonsignificant although. June rainfall could have some in­
fluence at both extremes. Rainfall data for the months of May and June 
are shown graphically in Figure 14 and Figure 15. Data for rain­
fall during the periods of 30 days prior to and 30 days following silk­
ing date of the site are recorded in Tables 26 to 29 (pages 89-90). 
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Figure 14. Average root-damage ratings showing the effect of 
May rainfall on rootworm damage on corn-foilowing-
corn sites in Iowa from 1964 to 1966 
30 
The rainfall variables as used above were dropped from the succeeding 
analyses. Rainfall variation among study-sites was significant but rain­
fall-damage relationships appeared to be nonsignificant; 
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figure 15. Average root-daraage ratings showing the effect of 
June rainfall on rootworm damage on corn-foilowing-
corn sites in Iowa from 1964 to 1966 
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The effect of broadleaf and grassy weeds (Fig. 16) did not appear 
significant from the data. The variables were retained because of the 
possible influence of grassy weeds on rootworm survival. Branson and 
Ortman (1967) tested several species of grasses as possible hosts for the 
western corn rootworm and found that the insect could complete its im­
mature stages on hosts other than corn. They stated that an economic 
population of rootworms probably would not develop from the potential 
hosts listed, but these species could serve to produce rootworms for the 
general population level. 
BROADLEAF GRASSY 
0- 50- >99 
49 99 
0- 50- 100- 150- 200- 250- >299 
49 99 149 199 249 299 
POUNDS PER ACRE/10 
Figure 16. Average root-damage ratings showing the effect of grassy and 
broadleaf weeds on rootworm damage on corn-following-corn 
sites in Iowa from 1964 to 1966 (number in bar = number 
observations) 
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PATH OR NETWORK ANALYSIS 
Introduction 
Path or network analysis is a multivariable-analysis procedure that 
allows a researcher to deal with a complex network of direct and indirect 
relationships among a set of variables. The method is especially appli­
cable to survey-type data and begins with the researcher considering all 
possible relationships among the variables included in the set. These 
variables must be conceptually and statistically related. It should be 
noted that path analysis will not answer questions but will help in the 
establishment of and verification of the directional relations among the 
concepts associated with a particular phenomenon. Therefore path analysis 
would be most helpful in developing theories concerning the data by 
logical or deductive reasoning approaches. 
Wright (1921, 1934) originated path analysis for use in population 
genetics. Interest in path analysis was stimulated in sociology by 
Simon's (1357) and Blalock's (1964) work with causal models. Land 
(1969) suggested that the Simon-Blalock approach of causal analysis is 
a weak form of dependence analysis (path analysis as used here). Duncan 
(1956) has reported various uses of path analysis in examining sociological 
data. 
Application of Path Analysis 
The hypothesized relationships among a set of variables can be 
represented by a set of recursive regression-equations when all the causal 
relationships in the set are assumed to be unidirectional. A regression 
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equation is written for each of the variables that occur in the set with 
all other variables hypothesized to be causally related to it entered as 
dependent variables. 
Land (1969) showed that a path coefficient, was identical with 
the least squares estimator of the standardized partial-regression-
coefficient, (b..). By solving the recursive equations and standardizing 
'J 
the raw partial-regressIon-coefficients obtained, one arrives at an 
estimate of the path coefficients. 
The relationships represented in a set of recursive equations can 
be shown visually in a path diagram. The path diagram is drawn according 
to the following conventions as outlined by Land (1969). 
1. A hypothesized causal relationship is shown by a uni­
directional arrow extending from a determining variable 
to a dependent variable. 
2. A hypothesized noncausal relationship between variables 
is shown by a two-headed arrow. 
3. Each residual variable is related to its respective de­
pendent variable by a unidirectional arrow. Literal sub­
scripts are attached to the residual variables to indicate 
that they are unmeasured variables. 
4. The numerical value of the path coefficient is entered 
beside the unidirectional arrow to which it corresponds. 
The value of the correlation coefficient may also be added 
to its corresponding two-headed arrow. 
34 
The initial step in the application of path analysis requires the 
determination of the variables to be included in the set. This deter­
mination is generally based on theoretical rationale or inclusion of all 
measured variables. These variables are assumed to be linearly and 
additively related and to be measured on an interval scale without error. 
The next step requires the researcher to postulate the general 
causal ordering of the variables included in the path set. Little theory 
has been developed in this area so the researcher relies mainly on judg­
ment concerning the variables. The most common method used is based on a 
time sequence of variables, which is the method used here. 
The path diagram is now represented by a set of recursive equations 
in which each variable is written as a dependent variable. The path 
coefficients are calculated by determining the value of the partial 
regression-coefficients in each of the recursive equations. After cal­
culating these coefficients, a t-test is applied to each coefficient and 
the coefficient(s) with the lowest calculated t-value, if less than the 
tabular t-value at the 0.10 significance level, is eliminated from the 
equation and the equation recalculated. This procedure is followed until 
each regression equation contains only coefficients significant at the 
0.10 level. The remaining partial-regression-coefficients are converted 
into standardized regression-coefficients or path coefficients and added 
to the path diagram.^ 
^Standard regression-coefficients were obtained by using the formula: 
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An unmeasured residual variable could be added to the model when an 
endogenous variable is not completely determined by variables included in 
the model. The residual path-coefficient may be interpreted as the pro­
portion of the standard deviation of a variable that is caused by variables 
outside the model being considered. The residual path-coefficient can be 
coefficient and represents the ratio of explained variation (sum of squares 
due to regression) to the total variation (corrected sum of squares). 
The relationships shown in the resulting path diagram represent a 
statistically satisfactory set of interrelationships of the variables. 
The results provide a determination of the direct relationships among vari­
ables and the relative strength of these relationships. 
The indirect effect of any variable on another may be calculated. 
The indirect effect is that portion of the bivariate correlation (r) be­
tween 2 variables not expressed by the direct effect (path coefficient or 
P), and may be the sum of one or more components. Land (1969) stated, 
"Total indirect effect (TIE) of Z-j on = r^-j - where r^-j is the 
partial correlation-coefficient between the 2 variables and P^-j is their 
path coefficient. The indirect effect might be especially useful in as­
sessing the value of a variable which does not show a strong direct-rela-
tionship to the dependent variable. 
In order to explain the techniques of path analysis more completely 
5 variables were chosen from the set of variables in the study to be 
used as an example. These variables and their causal relationship, based 
2 
where R is the square of the multiple correlation-
An Example of Path Analysis 
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on a time order, are shown in path diagram 1 (Fig. 17). Path diagram 1 
shows all possible relationships among the variables. 
CLAY X ROOT DAMAGE X 
Z[NSECTICIDE . 
EFFECTIVENESS HI DRAINAGE X, 
SOIL K X, 
Figure 17. Path diagram 1 
Referring to Figure 17, the set of recursive equations for path dia­
gram 1 are written as follows: 
^2 ^ ^23X3 + ^2 
^9 ^ bg3 2*3 + ^92.3X2 
^11 hi,3.29^3 hi,2.39^2 hi,9.32^9 ®11 
^18 ^ h8,3.29,11^3 h8,2.39,11^2 ^8,9.32,11^9 
^18,11.329*11 ®18 
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In the equations on the preceding page, refers to the partial cor­
relation-coefficient between variables Xg and Xg. This value, when 
standardized, becomes the path coefficient leading from Xg to Xg. A 2-
digit numeral is separated from other numerals in the subscripts by a 
comma. Normally the regression equations would be computed and an es­
timate of the b-values derived. The first equation was not computed be­
cause the relationship between percentage of clay (X^) and drainage (Xg) 
was assumed not to be causative, although poor drainage could be caused 
by a high clay content in the soil. The 2 variables are significantly 
correlated (Table 4) so they were joined with a two-headed arrow (Fig. 18) 
.255 
DRAINAGE X, 
% CLAY X 
SOIL K X, 
[NSECTICIDE y 
EFFECTIVENESS HI 
ROOT DAMAGE X 
Figure 18. Path diagram 2 
with the simple correlation-coefficient (.33) becoming the path coefficient. 
The other regression equations were computed with factors not significant 
Table 4. Matrix of correlation coefficients (r) for variables in study 
on Gorn-following-corn sites from 1964 to 1969 
(Xg) (X3) (X^) (X5) (Xg) (X7) (Xg) 
Slope (X^) 
Drainage (Xg) 
% Clay (X3) 
Rotation (X^) 
Previous 
Silk (Xg) 
# Operations (Xg) 
Planting 
Date (Xy) . 
pH (Xg) 
Soil K (Xg) 
Soil P (X^q) 
Insecticide 
Effective (X^^) 
Population (X-jg) 
Manure (X-j^) 
Grassy 
Weeds (X^^) 
Broadleaf 
Weeds (X^g) 
Silking 
Date (X-g) 
Root 
Size (X^y) 
Root 
Damage (X-jg) 
% Lodging (X^g) 
1.00 
-0.29** 1.00 
0.03 0.33** 1.00 
0.04 -0.08 -0.02 
0.11 -0.02 -0.02 
1.00 
0.01 1.00 
0.02 0.02 -0.02 0.11 0.09 1.00 
0.09 -0.01 -0.05 0.03 0.35**-0.09 1.00 
-0.04 0.11 
-0.10 0.02 
-0.23** 0.08 
0.07 -0.02 
-0.08 0.05 -0.04 
0.27*^0.21 **-0.09 
0.02 -0.32**-0.09 
0.29*^0.20**-0.07 
0.09 -0.04 1.00 
-0.21**-0.12** 0.07 
-0.04 -0.02 0.08 
-0.07 -0.09 -0.02 
-0.14*^0.09 -0.12**-0.11 -0.20**-0.16 -0.03 -0.31** 
0.02 -0.10 -0.09 -0.15**0.02 -0.03 0.12**-0.04 
0.10 0.10 0.08 -0.02 0.11 -0.07 0.04 -0.05 
-0.02 -0.06 -0.08 0.03 -0.05 -0.15 0.21 -0.32** 
0.08 0.05 -0.01 0.07 0.32**0.08 0.43**0.01 
0.04 0.00 -0.08 -0.08 0.04 0.05 0.18**0.08 
0.04 0.07 0.29*^0.02 -0.01 -0.07 -0.08 -0.02 
0.02 0.01 0.16**0.00 0.06 0.00 0.02 0.00 
**Significant at the 0.01 level. 
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(Xg) (X^^) (X^g) (X-jg) (X^y) (X^g) (X^g^ 
1.00 
0.50** 1.00 
0.31** 0.19** 1.00 
0.06 0.15** 0.13** 1.00 
0.09 0.21**-0.01 0.06 1.00 
0.07 -0.01 -0.01 -0.23** 0.01 1.00 
-0.08 -0.10 -0.09 0.42**-0.03 0.04 1.00 
-0.08 -0.06 -0.15**-0.06 0.05 0.02 0.00 1.00 
-0.04 0.07 0.08 -0.04 0.13**-0.02 0.08 0.12**1.00 
0.22**-0.07 -0.03 -0.12**-0.06 0.12**-0.02 -0.03 -0.35**1.00 
0.00 -0.05 -0.01 -0.07 -0.03 0.08 -0.03 0.04 -0.17** 0.43** 1.00 
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at 0.10 level dropped and the equation calculated again. The b-values 
used in this diagram are shown in Table 6 (Page 42). Thé final equations 
which would produce the b-values for this example are: 
Xg = bggXg +65 
^11 bgg 2*3 ^92.3^ ®n 
^18 ^18,3.9,11*3 *^18,9.3,11*9 ^8,11.39*11 ®18 
A comparison of path diagram 1 (Fig. 17) and path diagram 2 (Fig. 18) 
shows that the hypothesized relationships between drainage and soil K, 
soil K and insecticide effectiveness, and between drainage and root dam­
age were not significant and were dropped from the diagram. 
Path Analysis for Rootworm Damage 
The large number of variables (18) in the study made it necessary to 
somewhat modify the standard path-analysis procedures described in the 
previous section. First a regression was computed with damage as the 
dependent variable and all other variables included as independent factors. 
The results of this regression are shown in Table 5. Recursive equations 
were written for all significant factors except root size which was as­
sumed to be a result and not a cause of the damage rating. Variables 
added then became the dependent variable in a recursive set of equations. 
The solution of these regressions (Table 6) gave the b-values used to 
determine the path coefficients shown in path diagram 3 (Fig. 19). The 
standardized values (path coefficients) are shown in parentheses in the 
path diagram. 
41 
Table 5.  Partial regression-coefficients and t-test of variables in first 
regression equation 
PARTIAL 
VARIABLE REGRESSION-COEFFICIENT t-VALUE 
Slope (X^) .031 .73 
Drainage (Xg) -.013 -.30 
Percent Clay (X^) .228 5.06** 
Rotation (X^) -.074 -1.78 
Previous Silk (Xg) -.016 -.38 
Number Field Operations (Xg) t 0
 
8
 
-. 08 
Planting Date (Xy) 1 0
 
0
 
-.14 
pH of Soil (Xg) -.004 -.09 
Soil K (Xg) .255 5.19** 
Soil P (X^q) -.151 -3.08** 
Insecticide Effectiveness (X-j-j) -.125 -2.86** 
Plant Population (X^g) -.102 -2.17* 
Manure (X^g) -.002 -.05 
Grassy Weeds (X^^) .048 1.19 
Broadleaf Weeds (X^g) .058 1.26 
Silking Date (X-jg) .007 .16 
Root Size (X-jy) -.313 -7.84** 
Root Damage (X-jg) Dependent Variable 
**Significant at .01 level 
^Significant at .05 level 
(Tabular t = 2.58). 
(Tabular t = 1.96). 
Table 6. Partial regression-coefficients associated with regression equations in the recursive set 
for the final model 
Dependent 
Variable 
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Rotation 
Rotation 
.010 -.099+++ 
-.102+++ 
.003 
PH Xg 
PH 
.033 .829+++ 
.562+++ 
-.168 
Soil K Xg 
Soil K 
-5.953+++ 
-3.977+++ 
-16.879+++ 8.062+++ 
6.664+++ 
18.400+++ 
-17.425+++ 
2.456+++ 
2.000+++ 
Soil P X^Q 
Soil P 
-11.189+++ -4.602 1.116 -31.795+++ 
-32.529+++ 
2.339+++ 
2.360+++ 
Ins. Eff. X-J1 
Ins. Eff. 
.022 -.265+++ 
-.275+++ 
.168+++ 
.168+++ 
.009 
Damage X-jg 
Damage 
.078 -.105 .400+++ 
.378+++ 
-.281 .013 .018+++ 
.018+++ 
-.010+++ 
-.010+++ 
-.526+++ 
-.457+++ 
+++Significant at 0.10 level. 
Figure 19. Path diagram 3. The diagram shows the relationship of edaphic and agronomic factors m 
to root damage 
PATH DIAGRAM EXPLAINING CORN ROOTWORM DAMAGE 
Root Damage 
% Clay Xg 
Soil K X 
Soil P X 
% Lodging X^g 
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Interpretation of Roctworm-Damage Path-Model 
Slope (X^), drainage (Xg) and percentage of clay (X^) were used as 
the starting point for the model. They are essentially constants at each 
site and were assumed to be caused entirely by factors outside the model. 
Drainage was correlated with percentage of clay and slope. The relation­
ship may not be entirely causative and drainage was connected to the other 
two variables by two-headed arrows. Soil phosphorus was similarity re­
lated to soil potassium, consequently these variables were linked with a 
two-headed arrow. 
The partial regression-coefficients obtained from the recursive 
equations are shown in Table 6 (Page 42). Note that in the equations 
dealing with soil K, drainage appears as a highly significant variable. 
Drainage was not included in the succeeding equation because existing 
knowledge suggests that as drainage becomes poorer, soil-K levels de­
crease. The variates were highly correlated but without causal ordering. 
2 The multiple R from the final regression-equation that produced each 
variable in the model is included in Table 7 along with the residual for 
each factor. The residual shows the percent variation of each factor 
which was not explained by the model. Residuals derived from the rootworm 
path-model are very high. This fact showed that most of the variation with­
in the root-damage ratings for this study was caused by factors outside the 
present model. High residuals, although undesirable, can be tolerated in 
this model. The primary purpose of the model was isolation of the most 
important edaphic factors related to rootworm damage. Four variables were 
significant in the model. Percentage of clay of soil and soil K are 
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related to increased damage-ratings. Insecticides and soil P are signifi­
cant and appear to decrease damage ratings in this study. 
Table 7. Percent variation explained and residuals associated with each 
dependent variable from the final path-model 
Factor Multiple Residual® 
Rotation (X^) .007 .993 
pH (Xg) .013 .987 
Soil K (Xg) .136 .864 
Soil P (X^q) .115 .885 
Insecticide Effectiveness (X^^) .098 .902 
Damage (X-jg) .165 .835 
^Determined by factors outside model. 
The effect of percentage of clay of the soil on rootworm damage ap­
pears to be distributed somewhat through insecticide effectiveness (X-j-j) 
and soil K (Xg). The total indirect effects (TIE) of percentage of clay 
are equal to 0.03^. The TIE of percentage of clay shows that most of the 
influence of clay is exerted directly on damage and not through its in­
fluence on other variables in the model. Although pH (Xg) and rotation 
(X^) influence damage ratings in an indirect fashion, their effect is small 
(Table 7) and an analysis of the TIE for them would add little to the gen­
eral knowledge derived from the model. 
Vie (Xg on X^g) = r-jg 2 - P-jg 3» where r is the partial correlation-
coefficient, and P the path coefficient. 
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SELECTING THE BEST REGRESSION EQUATION 
The primary purpose of this portion of the study was to develop a 
predictive equation for rootworm damage based on a set of predictor vari­
ables. The variates analyzed included all factors in the preliminary and 
path-analysis sections and any functions, such as squares and cross pro­
ducts, thought to be desirable and necessary. Two opposed criteria were 
utilized in the selection of the equation. These criteria were suggested 
by Draper and Smith (1966): 
1. To make the equation useful for predictive purposes we 
should want our model to include as many X's as possible 
so that reliable fitted values can be determined. 
2. Because of the costs involved in obtaining information on 
a large number of X's and subsequently monitoring them, we 
should like the equation to include as few X's as possible. 
The compromise between these two extremes is known as selecting the "best" 
equation. 
Two methods were utilized in this study to select the best equation. 
The first was a modification of the all-possible-regressions approach, 
which consisted of calculating selected equations. The second was based 
on stepwise-selection procedures. 
The calculations for the regressions in this section and the path-
analysis section were based on a model which can be written in matrix 
notation as: 
Y = XB + e 
where Y is an (n x 1) vector of observations. 
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X is an (n x p) matrix of known form, 
B is a (p X 1) vector of parameters, 
e is an (n x 1) vector of errors, 
and where E(e) = 0, V(e) = lo^, so the elements of e are uncorrelated. 
The least-squares estimate of B is the value b which, when substituted 
in the above equation minimizes e'e (error sum of squares). This value 
(b) can be used to estimate the dependent variable where Y = Xb. 
The Selected-Equations Approach 
Selected regression-equations were used to analyze data from corn-
following-corn sites from 1964 to 1966. Eighty-six variates (Table 8), 
including variables, quadratics and interactions were analyzed. A re­
duction in correlation between main effects and their interactions or 
quadratics was achieved by subtracting the mean from each variable before 
multiplication in the interaction (Table 31, page 92). The following 
equation would derive the interaction (X24) between X3 and X7, 
n n 
X24, = (X3. -SX3.)(X7. -2X7-). 
T 1 i = lj_ T i=l ^ 
n n 
Area, rotation and year were significant factors as previously men­
tioned. These factors were included in the analysis based on orthogonal 
matrices derived from dummy variables utilizing 1 and 0 vectors. In order 
to use the area and rotation factors in interactions, new variates were 
derived. The area factor for an interaction (XA) was generated by the 
following equation: 
49 
Table 8. Partial regression-coefficients from the all-variate multiple-
regression analysis on corn-following-corn sites from 1964 to 
1966 
Variate 
Partial 
regressi on-coeffi ci ent 
j(l Root-damage rating 
X2 Percent lodging 
X3 Insecticide effectiveness 
X4 Yield 
X5 (Yield)^ 
X6 Plant population 
X7 Planting date 
X8 (Planting date)^ 
X9 Silking date 
XI0 Grassy weeds 
XI1 Broadleaf weeds 
XI2 Leaf nitrogen 
XI3 Leaf phosphorus 
XI4 Leaf potassium 
XI5 pH of soil 
XI6 Slope of plot 
XI7 (Slope)2 
XI8 Percentage clay of soil 
XI9 Root-system size 
X20 2,4-D root-damage 
X21 Soil nitrogen 
X22 Soil phosphorus 
X23 Soil potassium 
X24 Insect, eff. X planting date 
X25 Insect, eff. X pH 
X26 Insect, eff. X slope 
X27 Insect, eff. X % clay 
+++ Significant at 0.10 level 
++ Significant at 0.20 level 
+ Significant at 0.30 level 
Dependent variable 
.0922+++ 
2.5241+++ 
- .2065+++ 
- .0004++ 
.0150 
- .0047 
.0078++ 
.2916 
- .0140 
- .0072 
-1.0673+ 
.4093 
- .9659 
-1.4733+ 
- .9115 
.0340+ 
-2.0233+++ 
- .3931+++ 
.4707++ 
.0079 
- .0032 
- .0030 
.0001 
- .3508++ 
- .0077 
- .0269 
50 
Table 8. (Continued) 
Vari ate 
Parti al 
regressi on-coeffi ci ent 
X28 Yield X % clay 
X29 Planting date X pH 
X30 Leaf N X leaf p" 
X31 Leaf P X leaf K 
X32 Leaf P X pH 
X33 Leaf P X % clay 
X34 pH X % clay 
X35 pH X soil P 
X36 Slope X % clay 
X37 % clay X soil P 
X38 Bremer, Fayette, Howard counties 
X39 Linn or Muscatine county 
X40 Hamilton county 
X41 Keokuk county 
X42 Wayne county 
X43 Lyon county 
X44 Woodbury county 
X45 Cass, Crawford, Harrison counties 
X46 CI ay county 
X47 Year 1966 
X48 Years 1964 and 1965 
X49 Previous crop corn (1 yr.) 
X50 Previous crop corn (more than 1 yr.) 
XSl Rotation X % lodging 
X52 Rotation X insect, eff. 
X53 Rotation X leaf P 
X54 Rotation X slope 
X55 Rotation X % clay 
X56 Rotation X area of state 
X57 Rotation X soil P 
- .0008 
- .0762 
- .0222 
.0097 
- .1853+ 
- .0140 
.1544+ 
.0059 
- .0056 
- .0007 
-15.0063++ 
-10.4250+ 
-10.5817 
-11.8127+ 
-10.2024 
- 9.6197 
- 2.8436 
- .7364 
- 4.7237 
- 3.4204+++ 
- 1.4284+++ 
- 7.6145+++ 
- 7.2797++ 
.0179 
.3573+++ 
- .0414 
- .0621 
.0563 
.7469 
.0033 
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Table 8. (Continued) 
Vari ate 
Partial 
regressi on-coef f i ci ent 
X58 Area X yield 
X59 Area X insect, eff. 
X60 Area X pi. date 
X61 Area X silking date 
X62 Area X grassy weeds 
X63 Area X leaf N 
X64 Area X leaf P 
X65 Area X leaf K 
X66 Area X slope 
X67 Area X % clay 
X68 Drainage of soil 
X69 (Drainage)^ 
X70 Number of tillage operations 
X71 Previous silking date 
X72 Secondary-root rati ng 
X73 Root angle 
X74 Rainfall (4 weeks before silk) 
X75 Rainfall (4 weeks following silk) 
X76 May rai nfal1 
X77 June rainfall 
X78 (Previous silk)^ 
X79 Root rot 
X80 Insect, eff. X grassy weeds 
X81 Insect, eff. X year 
X82 Root rot X soil P 
X83 Drainage X % clay 
X84 Slope X drainage 
X85 Insect, eff. X May rainfall 
X86 Insect, eff. X June rainfall 
.0943+ 
-1.9633+++ 
.0362 
- .2438 
.0091 
.6509++ 
- .1871 
.5977+ 
.3245 
1.0517+++ 
.3316 
.1076 
.5005+++ 
- .7414++ 
.2609+++ 
.0942 
.0145 
- .0230 
- .0107 
- .0067 
- .5456+++ 
- .0197 
- .0008 
- .2571++ 
.0003 
- .0909++ 
.0136 
.0073 
.0002 
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XA. = 1.84 + 1.25(X38^.) + 1.40(X39.) + 1.29(X40^.) + 1.53(X41^.) 
+ 1.50(X42j) + 1.52(X43.) + 1.65(X44^.) + 1.89(X45^-) 
+ 1.72(X46.) 
where the constant (1.84) is the damage mean of the county not included in 
the orthogonal matrix and the other constants are the damage means for the 
areas. The area is expressed by its dummy variable and multiplied by the 
appropriate constant. The rotation interaction-factor was similarly 
derived. These factors are not shown in Table 8 but are included in the 
interactions involving the rotation and area factors. Year effect was 
included as variates X47 and X48 (Table 8) and was derived from dummy 
variables by the method described for the area effect. 
Results of the regression equation in which all variates were included 
are shown in Table 8 (Regression 1) and Table 9. All variates significant 
2 Table 9. Multiple R and F-ratios from regression analyses on corn-
following-corn sites from 1954 to 1966 
Regression number F-ratio Multiple R^ Number variates 
1 (all variates) 5.7617** .6767 86 
2 5.5210** .5005 50 
3 7.0026** .5010 41 
4 7.9414** .4782 34 
5 7.6600** .4606 33 
6 8.1424** .4393 29 
** Significant at .01 level. 
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at the 30% level were retained for later regressions with the exception of 
percentage of lodging (X2), yield and its quadratic (X4, X5) and root-
system size (X19). These factors were determined by the dependent variable 
and therefore of little explanatory value. Regression 1 showed that Bremer, 
Fayette and Howard Counties in the eastern part of Iowa (X38) had the low­
est damage and that Cass, Crawford, Harrison, Woodbury and Clay Counties 
(X44, X45, X46) in western Iowa had the highest damage from 1964 to 1966. 
This variation in damage due to location in the state was caused, in part, 
by the lack of a western rootworm population in eastern Iowa during the 
first portion of the study (Fig. 2, page 4). 
Results of the selected regressions are recorded in Tables 9 and 10. 
Table 31 (Page 92) shows the coding used for each variable in the regres­
sion analyses. The linear effect of any factor cannot be accurately 
evaluated from these regressions without considering nonlinear and inter­
action terms involving the factor under consideration. Therefore any 
conclusions based solely on the significance of a linear term would be 
unreliable. 
Elimination of nonsignificant variates resulted in equation 6 (Table 
10). The "best" equation from this approach to regression analysis in­
cluded the following variates which were significant at the 0.10 level: 
area of state (X38-X45), 
insecticide effectiveness (X3), 
pH of soil (X15), 
slope of plot (X16, X17), 
percentage clay of soil (XI8), 
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insecticide effectiveness and pH interaction (X25), 
second year corn (X49), 
previous silking date (X71), 
and year 1966 (X47). 
Although it is possible to analyze these regression equations in 
greater detail it was not, for several reasons, feasible to do so in this 
study. First it was apparent that the area of the state was the single 
most important determining factor for rootworm damage during the 1964 to 
1966 study years. Migration of the western corn rootworm (Fig. 2, page 5) 
was assumed to account for most of the area difference. Note that the 
migration of the western was slowed somewhat about the middle of the state 
(Fig. 2). This suggests that some factor or factors other than those re­
lated to the physical ability of the beetle to migrate, were involved in 
retarding the spread of the western-corn-rootworm population. This factor, 
if it existed would have been concealed in area factors in a regression 
equation. Secondly, the continuing nature of the study allowed the addi­
tion of data from 1967, 1968 and 1969. This data made removal of area 
effect possible because the western corn rootworm was present in most 
counties of Iowa by 1968. Therefore during the last 3 years of the study 
the 2 most important determiners of rootworm damage in Iowa during the 
study years (area of the state and crop rotation) were removed, allowing 
a more accurate assessment of the influence of other factors on. damage 
ratings. 
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Table 10. Partial regression-coefficients and t-test significance from 
regression analyses on sites following corn in 1964, 1965 and 
1966* 
Regression number 
Van ate 2 3 4 5 6 
X38 
X39 
X40 
-23.7298+++ -17.9078+++ -17.9854+++ -11.6802+++ -17.0506+++ 
-20.8271+++ -15.6712+++ -15.0994+++ -10.5957+++ -14.9859+++ 
-23.5591+++ -16.0381+++ -15.1531+++ -9.5696++ -14.1223+++ 
X41 
X42 
X43 
-20.9940+++ -15.5192+++ -14.9932+++ -10.9095+++ -15.9026+++ 
-19.5556+++ -14.3601+++ -14.3613+++ -10.2028+++ -15.1390+++ 
-20.1004+++ -13.2322+++ -13.1359+++ -9.8050+++ -13.9389+++ 
X44 
X45 
X46 
-11.2632++ 
-9.6696+ 
•11.5768++ 
-4.8984 
-4.1591 
-4.2390 
-5.4722 
-4.2034 
-2.6176 
-1.7663 
.0976 
1.2178 
-6.2068+++ 
-5.5577+++ 
-3.9392 
X3 
XI5 
XI6 
1.5701++ 
-1.0528+ 
-.1232 
1.3868+ 
-1.5838+++ 
-.6063+++ 
1.2072 
-1.3163++ 
-.6089+++ 
1.0277 
-1.4618+++ 
-.6201+++ 
-.4712+++ 
-1.6285+++ 
-.5152+++ 
XI7 
XI8 
X22 
.0570+++ 
-1.9367+++ 
-.0030 
.0454+++ 
-1.2383+++ 
-.0036+ 
.0476+++ 
-1.0147++ 
-.0028 
.0538+++ 
.3581+++ 
-.0170++ 
.0510+++ 
.3922+++ 
-.0030 
X25 
X49 
X50 
-.7833+++ 
-2.7660+++ 
-.0708 
-.7982+++ 
-3.8801+++ 
-3.2896+++ 
-.6816+++ 
-4.1364+++ 
-3.7094+++ 
-.4523+++ 
-1.4846++ 
-1.1845 
-.5532+++ 
-1.9697+++ 
-.8668 
X68 
X69 
X71 
-.4062 
.1501 
-.2891 
-.4660+ 
.0340 
.4735 
-.3459 
.0995 
-.4794 
-.4760+ 
.2459++ 
-.8524+++ 
-.3187 
.1903 
.8382+++ 
X78 
X21 
-.2244 
.0097 
-.3697++ 
-.1509 -.3060+ 
.0046 
Significance levels designated the same as in Table 8. 
-.3716++ 
.0103 
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Table 10. (Continued) 
Regression number 
Van ate 
X37 
X47 
X48 
X83 
X84 
XI0 
XI1 
X20 
X27 
X59 
X70 
X7 
X8 
X34 
X36 
X52 
X67 
XI2 
X32 
X33 
X72 
X81 
X30 
X77 
-.0006 
-1.7692++ 
-.0193 
-.0648+ 
-.0799 
-.0012 
-.0261 
-1.1399++ 
.3807++ 
-.0376 
-.0041 
.0399++ 
1.1720+++ 
-.1653 
-.0205+ 
-.3077+++ 
-.0360+ 
-.0395++ 
-.0001 
-2.7462+++ 
-.4412 
-.0005 
.6438+++ 
-.0284+ 
-1.2158+++ 
.3296++ 
-.0297 
.1694+ 
.0446+++ 
.3073+++ 
.7635+++ 
.1398 
.0739 
.0301+++ 
.0048 
.3069+++ 
.6197+++ 
-.0262 
-1.1222+++ 
.3574++ 
.0193 
-.0106+++ 
.1217 
.0434+++ 
.2753+++ 
.6938+++ 
-1.8947+++ 
. -.8025++ 
.0106++ 
-.0016 
.6079+++ 
-.0257 
-.9301+ 
.3465++ 
-1.7281+++ 
-.6621+ 
-.0240 
.0051 
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Stepwise Procedure 
The stepwise procedure for model building from regression analysis 
is a modification of the forward selection-procedure designed to deter­
mine the best regression equation from a set of data. As outlined by 
Draper and Smith (1966) the following steps are utilized in the stepwise 
regression-approach to selecting the best equation. 
STEP 1. The stepwise procedure starts with the simple correlation 
matrix and enters into regression the X variable most 
highly correlated with the response. 
STEP 2. Using the partial correlation coefficients it now selects 
as the next variable to enter regression that X variable 
whose partial correlation with the response is highest. 
STEP 3. Given the regression equation with the two selected variables 
the method now examines the contribution the second variable 
would have made if it had been entered into regression first 
and the other variable last. 
STEP 4. A regression equation is now determined by least squares. 
The variables are then subjected to a sequential F-test to 
determine if they should remain in the regression equation. 
STEP 5. The remaining variables are then selected (beginning with 
step 2) provided they are significant. The procedure ends 
when no more variables are added and all variables in the 
equation are significant. 
This procedure was applied to the study data. The procedure was 
designed to add variables until the partial F-test of the last variable 
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Table 11. Characteristics of regression equation involving all variates 
in stepwise procedure 
Variate Partial regress i on-coef fi ci ent F-test 
XI Slope -.4219 6.53* 
X2 Drai nage -.9122 5.75* 
X3 Percentage of clay of soil .4605 35.62** 
X4 Rotation -.2805 1.54 
X5 Previous silk -.0878 .05 
X6 Number tillage operations .0995 .22 
X7 Planting date -.0806 2.39 
X8 pH of soil .0175 .08 
X9 Soil potassium (K) .0250 38.90** 
XI0 Soil phosphorus (P) -.0149 13.42** 
XI1 Insecticide effectiveness -.5734 19.15** 
XI2 Plant population 
If) o
 
o
 
1 1.36 
XI3 Manure -.0340 .15 
XI4 Grassy weeds .0064 1.33 
XI5 Broad!eaf weeds .0049 .18 
XI6 (Slope)2 .0621 7.23** 
XI7 (Drainage)^ .2938 2.65 
XI8 (Previous silk)^ .0005 — —  —  
XI9 (Planting date)^ .0011 .15 
X20 (K)2 
-.0001 7.85** 
X21 (P)2 .0001 1.76 
X22 Slope X drainage -.2443 4.23* 
X23 Slope X % clay .0803 11.45** 
X24 Drainage X % clay -.0008 — 
X25 pH X % clay .0027 .10 
X26 K X % clay .0004 .52 
X27 pH X insecticide effectiveness -.0110 .27 
* Significant at .05 level. 
** Significant at .01 level. 
Table 12. Stepwise solution: partial regression-coefficients 
Regression equation 
Variables 1 2 3 4 5 6 7 8 9 
X3 % clay .4362 .3742 .3349 .3919 .3664 .3703 .3925 .3963 .3941 
X9 K .0096 .0164 .0185 .0248 .0245 .0248 .0251 .0253 
XI0 P -.0107 -.0100 -.0105 -.0099 -.0102 -.0105 -.0109 
Xn Ins. Eff. -.4816 -.5172 -.5433 -.5413 -.5582 -.5474 
X20 -.0001 -.0001 -.0001 -.0001 -.0001 
XI6 Slope^ .0352 .0376 .0219 ---
X23 Slope X % clay .0418 .0654 .0683 
X22 Slope X drainage -.2543 -.3010 
X16 Slope^ (deleted) 
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was less than 2.5, the tabular Revalue at about the 0.10 level of signifi­
cance. Previously added variables could also be eliminated if their par­
tial F-test fell below 2.5. Note that the tabular value of the sequential 
F-test changes as more variates are included in the regression. This 
change, however, is small and would not affect the significance of the 
test. 
Twenty-seven variates were subjected to the stepwise analysis. Table 
11 shows the variates and the results of the complete regression. Vari­
ables significant at the 0.05 level included slope, percentage of clay, 
drainage, soil K, soil P and insecticide effectiveness. Results of the 
stepwise solution are shown in Table 12. Percentage of clay was the first 
variable entered into regression. Linear terms included in the equation 
were percentage of clay (X3), soil K (X9), soil P (XIO) and insecticide 
2 Table 13. Stepwise solution: changes in R of the regression equations 
Additional 
Variable o R^ for last 
entered Cumulative R variable 
X3 % clay .0861 .0861 
X9 K .1082 .0221 
XIO P .1388 .0306 
XI1 Insecticide effectiveness .1621 .0233 
<
 
o
 
>< 
.1745 .0124 
XI6 Slope^ .1828 .0083 
X23 Slope X % clay .1914 .0086 
X22 Slope X drainage .2022 .0108 
XI6 Slope^ (deleted) .1994 -.0028 
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effectiveness (Xll). The quadratic terms for K and slope were also 
selected. The slope quadratic was deleted following the addition of the 
slope interactions Involving percentage of clay and drainage. The addi-
2 tional R attributed to each variate is shown in Table 13. Percentage of 
2 
clay was the largest contributor to the multiple R of the variates 
selected fay the stepwise method of variable selection. 
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FINAL REGRESSION MODEL 
Method of Derivation 
The final regression model was achieved by combining the significant 
variates from path analysis and the model-building approaches to regres­
sion analysis. Selection of variates was limited because development of 
a usable prediction equation required that all predictor variables be 
available before planting time. One of the important considerations of 
such an equation was the ability to predict sites requiring insecticides 
for economic control of corn rootworms. It was feasible to exclude in­
secticide usage and develop the equation on sites without insecticide ap­
plication. The variates were selected and the regression equation derived 
from corn-following-corn sites in all study years. 
Rootworm-Damage Model 
Variables chosen for the final regression are shown in Table 14 along 
with the beta value and F-test associated with each. The final equation 
can be written in the following form: 
ROOTWORM-DAMAGE RATING = 8.313 - .223 (Slope) - .006 (Slope^) 
-2.037 (Drainage) + .742 (Drainage^) + .611 (Percent clay) 
- .080 (Planting date) + .038 (Soil K) - .010 (Soil P) 
- .006 (Plant population) - .479 (Slope X Drainage) 
+ .071 (Slope X Percent clay). 
Values of the variates in the above equation are derived according to the 
fol1owi ng restri ctions : 
8.313 is a constant (equal to beta zero or correction for mean in 
regression analysis) 
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Table 14. Results of regression analysis on selected variates for non-
insecticide, corn-following-corn sites during all study years 
(1964-1969) 
Van'ate B value F-ratio 
Slope -.2232 .40 
SIope^ -.0063 .01 
Drai nage -2.0369 7.75** 
Drai nage^ .7421 7.74** 
Percent clay .6109 10.79** 
Planting date -.0796 .51 
Soil K .0381 18.78** 
Soil P -.0102 2.13 
Plant population -.0059 .06 
Slope X drainage -.4793 4.01* 
Slope X percent clay .0709 1.64 
*Signifleant at 0.05 level. 
**Significant at 0.01 level. 
Table 15. Analysis of variance for final regression equation 
Source DF Sum of squares Mean square F-ratio 
Regression 
Residual 
12 
133 
5579.56 
10284.44 
464.96 
77.33 
6.01** 
R^ = .35 
Standard error of estimate = 8.79 
**Significant at 0.01 level. 
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Slope = percentage of slope of field 
Slope^ = (Slope - 4)^ 
Drainage^ = 1 to 9 scale Where 1 is excessive and 9 is very poor 
drainage 
2 2 Drainage = (Drainage - 4) 
Percent clay = percentage of soil particles less than .002 iran in 
diameter 
Planting date = April date - 20, May date + 10 or June date + 41 
Soil K = pounds/acre derived from soil test 
Soil P = pounds/acre to nearest tenth derived from soil test 
Plant population = plants/acre to nearest hundred with last 2 digits 
dropped (example: 21,940 plants/acre = 219 in equation) 
Slope X Drainage = (Slope - 4)(Drainage - 4) 
Slope X Percent clay = (Slope - 4) (Percent clc^y - 26) 
Application of the above model requires that numerical values be assigned 
to 7 variables. Three of the variables, slope, drainage and percentage of 
clay are related to the physical nature of the field. Two variables can 
be derived from a standard soil test (soil P and soil K) and the last 2 
variables (planting date and plant population) can be estimated by the 
farmer. 
^Complete scale including soil type examples included in Table 30, 
page 91. 
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Fit of Model 
The usefulness of any regression equation may be determined in several 
ways, most of which are based on an analysis of residuals, or that portion 
of the dependent variable unexplained after the regression equation has 
been fitted to the data. The standard F-ratio is used as an estimate of 
the fit of the regression equation based on residual analysis. Table 15 
shows the F-ratio derived from this equation. The calculated F = 6.01 
for regression is greater than the tabulated F (12, 120, .99) = 2.18. It 
is possible to conclude that the above equation is a good predictor of 
rootworm damage on the basis of an alpha risk of less than 1% of being 
wrong. 
The square of the multiple correlation-coefficient (R ) derived from 
O 
the prediction equation is .35 (Table 15). An R of 35% is low and means 
that much of the variation in root-damage ratings was not explained by 
this equation. This was to be expected as weather and biological factors 
were assumed to be important factors involved in these damage ratings. 
Additional variation in damage ratings is due to oscillations in the rating 
scale as applied by the researcher. Such variations, called human error, 
cannot be avoided when a visual rating scale is utilized. 
The residuals resulting from the application of the equation to the 
data points from which it was derived produced the points plotted in 
Figure 20. This plot suggested no lack of fit by the regression, although 
it appeared that some linear function related to rootworm damage was mis­
sing from the equation. 
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Figure20. Residuals derived from application of prediction equation to 
corn-following-corn sites without insecticides in Iowa from 
1964 to 1969 plotted against observed root-damage ratings for 
those sites 
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PREDICTION OF ROOTWORM DAMAGE 
Relationship of Yield and Rootworm Damage 
Accurate evaluation of any predictive equation for insect damage 
must be based on an understanding of the economic-injury level of the crop 
involved. The economic-injury-level concept was introduced by Stern et al. 
(1959) to denote that level of injury to a crop where the expense accrued 
for insect control would be offset by gains achieved in increased produc­
tion of a marketable product. Although it was impossible to define the 
economic-injury level precisely for rootworm damage from this study it was 
possible to arrive at an injury level where control of the rootworm com­
plex resulted in increased corn yields. Utilizing yield data from this 
study it was possible to estimate an economic damage level of 2.5, based 
on the Iowa State scale for rating rootworm damage. The yield data (Fig. 
21) showed that little relationship existed between damage ratings below 
2.5 and observed yield. Damage ratings greater than 2.5 appeared to be 
linearly related to decreasing yields where a damage rating increase of 
1.0 was associated with a 10 bu/A yield reduction. Yield reduction was 
estimated from a second-order equation, fit to data points derived from a 
plot of yield on root damage (Fig. 21). A damage rating of 2.5 was ac­
cepted as the economic-injury level for testing the predictive equation. 
Accuracy of Prediction 
The predictive equation was applied to the corn-foil owing-corn sites 
without insecticides and the predicted damage-rating for each site derived. 
Predicted damage for each site was plotted against observed damage result­
ing in a scatter diagram. The economic-injury level (2.5) was then drawn 
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Figure 21. Plot of observed yield and root-damage rating showing 
suggested economic-injury level and fit of second-order 
quadratic-equation to data points obtained from corn-
following-corn sites from 1964 to 1969 
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through each axis resulting in a quadrant. Points falling in each quadrant 
were counted and recorded. A percentage of points falling in each quadrant 
was calculated and the results recorded in Table 16. 
Table 16. Matrix showing predicted vs actual damage ratings for study 
sites 
Predicted Economic Damage® 
NO 
CJ 
•f— Q) E o) 
o <a ' 
sz E 
o ta 
o o 
^ YES 
®Based on an economic damage level of 2.5. 
^Derived from sites without insecticides(146 sites). 
^Percentage derived from sites with insecticides(382 sites). 
The data from Table 16 show that the predictive equation predicted 
economic damage where it did not occur on 5% of the sites and predicted no 
economic damage on sites where it did occur on 7% of the total sites. 
These predictions were inaccurate and when added gave a total of 12% 
wrong predictions on the sites without insecticides. Table 16 also shows 
the results of application of the predictive equation to sites where in­
secticides had been used. By way of comparison the table shows that in­
secticides failed to achieve economic control on 24% of the sites over the 
6-year study-period. 
NO YES 
76^ 
(48f 
5% 
(28) 
7% 
(8) 
12% 
( 1 6 )  
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APPLICATION OF PREDICTION EQUATION TO CORN ECOSYSTEM 
Prediction Equation as a Part of the General Damage Model 
The general model for rootworm damage (Fig. 1, page 2) shows that the 
edaphic and agronomic compartment comprises only 1 of the 4 major compart­
ments hypothesized to determine rootworm numbers, hence yield loss caused 
by rootworm damage. This is the compartment that has been modeled in the 
previous sections. It was suggested that this compartment can be relied 
upon to give accurate predictions of rootworm damage. It is necessary to 
discuss the assumptions behind the elimination of the other components. 
Biological factors are assumed to be important determinants of root-
worm damage but their limiting influence was thought to be expressed in 
the 3rd and following years of continuous corn. This assumption was based 
on the ecological principle that a time lag exists between the buildup of 
monophagous inimical-organisms and effective control of hosts (Odum, 1959). 
This lag could occur in newly-developing ecosystems or in reference to 
introduced species in other areas. Rootworm populations on second-year 
corn were assumed to be newly established in the corn ecosystem and as such 
were not subject to specific biological controls. Therefore it was assumed 
that rootworm control by biological agents during second-year corn would 
be sporadic if not absent in most years and could not be relied upon for 
predictive purposes even if it could be measured. Biological agents could, 
however, be responsible for the plateau in damage ratings following the 3rd 
and 4th years of corn in the rotation. 
The compartment dealing with artificial factors was known to contain 
elements that were feasible and effective as control agents. Crop rotation 
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is nearly 100% effective but is shunned by many farmers for economic 
reasons. Insecticide usage could be severely limited in the future due to 
ecological considerations. Host plant resistance would be an answer to 
rootworm problems but as of yet has not been adequately developed. Rota­
tion, insecticide usage and host plant resistance are mainly control in 
nature and are of no value in prediction, the primary function of this 
study. 
Weather factors are known to be important in determining population 
numbers of many insects including the spruce budworm (Greenbank, 1956) 
among many others. The effect of weather on rootworms is largely unknown. 
Severity of winter temperatures modified by snow cover could determine 
rootworm-egg survival and consequently larval populations the following 
summer. This factor was not overlooked and although not described here, 
was assumed to be very important. Note that the equation as derived could 
be easily modified by adjusting the constant term (correction for the mean 
of the dependent variable) based on the rootworm-egg population that has 
survived the winter. Although some error was introduced by not considering 
weather factors a good estimate of damage could still be achieved without 
this compartment mainly because egg mortality would be fairly consistent 
in a geographical area. 
The general model further considered the relationships of damage, 
lodging and yield. In general root lodging has been considered a direct 
result of rootworm damage. A regression computed with lodging as the unex­
plained variable, dependent on damage, was significant at the 0.01 level 
(F =120.34) but explained only 18.7% of the variation (R^ = .1867). 
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Rootworm damage is an important determining factor for lodging but other 
factors such as corn variety, slope and aspect of field and weather (wind 
and rain) must also be considered. 
The effect of root-damage rating on yield of the continuous-corn sites 
in this study was significant (F = 12.16) at the 0.01 level but explained 
a very small portion of the yield variation (R = .044). When lodging was 
2 
added as an additional independent variable the multiple R changed little 
(R = .046) suggesting that lodging was unimportant in determining yield. 
Yield data in the study was based on handpicked samples and would have 
removed any loss that may have resulted from machine harvesting of lodged 
corn. 
Iowa (1969) 
Use of this predictive equation could reduce insecticide use in corn 
growing areas. Such a reduction would result in financial gain by the 
farmer and reduce insecticide pollution from unneeded insecticides. As 
shown in Table 14 (page 63) 528 sites where corn followed corn were 
included in the test of the predictive equation. Of the total sites 192 
or 36% were predicted to have rootworm damage exceeding 2.5 or the economic-
injury level. Iowa in 1969 had about 10 million corn acres of which about 
1/2 (5 million acres) followed a corn crop in 1968. Farmers used insect­
icides on 72% of the corn-following-corn acres in 1969. As an average the 
prediction equation predicted a need for insecticide on 36% of the corn-
following-corn acres. Therefore 36% or 1.8 million acres of the corn-
following-corn acreage was treated needlessly for rootworm control. The 
amount of corn acreage treated needlessly with insecticides will of 
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necessity have to be reduced in future years in view of the environmental 
pollution problem now facing our agricultural lands. 
The prediction equation was projected to be wrong 12% of the time. 
Use of such an equation could be enhanced by utilizing cultivation treat­
ments to prevent damage in fields where economic rootworm-populations 
developed in untreated fields. Cultivation treatments were shown to be 
as effective as pi anting-time applications of insecticides in Iowa in 1968 
and 1969 (Hills, 1970). Such a combination of control based on prediction 
of fields where economic damage will likely occur and cultivator applica­
tion of insecticides to those fields where economic rootworm-populations 
develop seems an acceptable method of control. This method appears to be 
a practical alternative to the prophylactic application of rootworm 
insecticides now practiced in Iowa. 
SUMMARY AND DISCUSSION 
This study was designed to isolate edaphic and agronomic factors 
related to rootworm survival in Iowa and to describe methodology useful in 
the study. In addition it was possible to show that a prediction equation 
for rootworm damage could be used in a pest management system for corn 
rootworms in Iowa. Data were collected on factors influencing corn yields 
from farms located in 15 Iowa counties. These data included observations 
on many of the factors important to corn yields in the state, including 
root samples for rating of rootworm damage. 
Analysis of data followed 3 major patterns. Initially group means 
based on damage were calculated for all factors. Path analysis, a tech­
nique utilized by sociologists, was applied to the data in an attempt to 
ascertain which factors were directly related to root-damage ratings. The 
use of path analysis appeared valid in this study where data was of a sur­
vey nature. Path analysis techniques were valuable because of the deter­
mination of relationships among independent variables. This knowledge is 
essential to understanding any complex biological-problem such as rootworm 
damage. 
Multiple regression was utilized to derive a prediction model for 
rootworm damage. Both a selected-regressions approach and stepwise model-
building procedures were utilized in application of multiple regression 
techniques. The final model included percentage of clay of soil, soil 
potassium, soil phosphorus, slope of field, drainage of field, planting 
date and plant population as the significant variables. The effect of 
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these variables was determined from data collected on corn-following-corn 
sites during the 6 study years (1964-1969) where insecticides had not been 
used during the growing season. 
The prediction equation derived was used to predict damage ratings for 
all corn-following-corn sites in the study. This information was used to 
determine sites that would have economic damage in the current season based 
on the prediction. Predictions were correct for economic damage in 88% of 
the 526 predictions attempted over the 6 study years. 
Results of the study indicate that crop rotation is the most effective 
method for rootworm control in Iowa. Adequate control can be achieved with 
insecticides on corn-foil owing-corn fields. An alternative to widespread 
use of preventive insecticide-treatments was suggested by using a predic­
tion equation to isolate fields where economic damage would most likely 
occur. This prediction would allow the farmer to use insecticides only on 
those fields where they were needed. 
It was further suggested that percentage of clay of soil, soil P, 
soil K, drainage, slope and plant population are factors important in 
determining rootworm-damage ratings. These factors need to be studied in 
depth to determine reasons for their apparent relationships to damage. 
Path analysis and multiple regression are methods of data analysis that 
need to be considered when analyzing complex biological problems. These 
statistical methods are especially applicable to data derived from survey 
research. 
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Table 17. Average damage ratings for counties and previous crop in Iowa 
from 1964 to 1969 
Previous Crop 
County Corn Meadow Soybeans Other 
Adams 2.58 (14)* 1.12 (14) 1.65 (23) 1.40 (1) 
Bremer 1.47 (19) 1.22 (16) 1.09 (15) 1.10 (5) 
Cass 2.44 (49) 1.18 (24) 1.40 (9) 1.45 (4) 
Clay 2.88 (13) 1.10 (6) 1.31 (34) 1.21 (10) 
Crawford 2.55 (49) 1.09 (28) 1.32 (17) 1.32 (18) 
Fayette 1.37 (56) 1.10 (34) 1.15 (19) 1.52 (5) 
Hamilton 1.73 (10) 1.04 (5) 1.24 (43) 1.45 (8) 
Harri son 2.46 (45) 1.06 (9) 1.38 (32) 1.40 (15) 
Howard 1.47 (33) 1.06 (25) 1.18 (20) 1.08 (5) 
Keokuk 1.68 (39) 1.32 (11) 1.41 (24) 1.68 (6) 
Linn 1.57 (70) 1.13 (33) 1.15 (13) 1.32 (6) 
Lyon 1.97 (41) 1.12 (10) 1.32 (33) 1.36 (21) 
Muscatine 1.54 (35) 1.35 (15) 1.35 (17) 1.85 (4) 
Wayne 1.75 (19) 1.17 (14) 1.28 (12) —  — —  
Woodbury 2.07 (35) 1.06 (16) 1.44 (23) 1.28 (24) 
^Number of observations in parentheses. 
Table 18. Insecticide effectiveness scale 
Product Counties Rate (lb/A) Rating 
0.7-0.9 7 
1.0 6 
0.6 4 
0.5 or less 3 
1.0 or more 9 
0.6-0.9 8 
0.5 7 
0.4 5 
1.0 or more 9 
0.6-0.9 8 
0.5 7 
0.4 5 
0.5-0.9 5 
1.0 or more 9 
0.6-0.9 8 
0.5 7 
1.0 or more 6 
0.5-0.9 5 
1.0 or more 7 
0.6-1.0 6 
0.5 3 
0.6-1.0 6 
0.5-0.9 4 
Aidrex 
Aldrin or 
Heptachlor 
Keokuk, Muscatine, Howard, Bremer, Fayette 
or Linn (1964-1967) 
Hamilton, Clay, Crawford, Adams, Lyon, Cass, Harrison 
Woodbury or Wayne (1964-1967) 
All Counties (1964-1967) 
All Counties (1964-1967) 
Bremer, Fayette, Howard or Muscatine (1964-1967) 
Keokuk, Linn or Hamilton (1964-1965] 
1964-1965 
1964-1965 
1964-1965] 
:i966) 
Wayne (1964) 
1964 
1964) 
1964-1965) 
'1964-1965) 
Keokuk or Linn (1966) 
Adams (1964) 
(1964-1966) 
Linn (1966) 
Lyon, Cass, Clay, Crawford, Harrison or Woodbury (1964-1966) 
Table 18. (Continued) 
Product Counties Rate (lb/A) Rating 
Aldrin or 
Heptachlor 
Bux 
Dasanit, 
Thimet, 
Dyfonate 
Diazinon 
Di-Syston 
Furadan 
Ni ran 
Sevin 
Stathion 
Untreated 
Adams, Cass, Crawford, Clay, Harrison, Lyon 
or Woodbury (1964-1966) 
All Counties (1964-1969) 
(1964-1969) 
All Counties (1964-1969) 
(1964-1969) 
All Counties (1964-1966) 
1964-1966) 
1964-1966 
[1964-1966) 
All Counties (1967-1969) 
(1967-1969) 
At Cultivation (1967-1969) 
(1967-1969) 
All Counties (1964-1966) 
(1964-1966) 
All Counties (1967-1969) 
All Counties (1964-1966] 
All Counties 
All Counties 
1964-1966 
:i964-1966] 
'1964-1966) 
1967-1969) 
'1964-1966) 
0.4 or less 2 
1.0 9 
0.7-0.9 8 
1.0 8 
0.7-0.9 7 
1.0 or more 8 
0.7-0.9 7 
0.5-0.6 6 
0.4 or less 4 
1.0 or more 6 
0.7-0.9 5 
1.0 or more 8 
0.7-0.9 7 
1.0 or more 6 
0.7-0.9 5 
0.8 or more 9 
1.0 or more 6 
0.7-0,9 5 
0.6 or less 4 
2.0-3.0 6 
2.0-3.0 4 
0.6 or more 5 
All Counties (1964-1969) 
Table 19. Average damage ratings for years of study and various rotations in Iowa 
Year 
Rotation® 1964 1965 1966 1967 1968 1969 
C-C-C-C 
C-C-C-0^ 
C-C-0. 
C-M 
C-Om 
C-Sb 
C-Ot 
TOTAL C 
M-M 
M-0 
TOTAL M 
1.93 (21)b 
2.27 (7) 
2.27 (16) 
1.84 (46) 
2.26 (9) 
2.58 (10) 
1.58 (5) 
2.03 (114) 
1.10 (23) 
1.23 (41) 
1.19 (64) 
2.34 (20) 
2.36 (8) 
2.14 (23) 
1.72 (29) 
2.24 (8) 
1.80 (8) 
1.43 (3) 
1.93 (99) 
1.22 (33) 
1.31 (42) 
1.26 (75) 
2.14 (19) 
1.36 (9) 
1.55 (12) 
1.70 (39) 
1.89 (8) 
1.94 (18) 
1.80 (2) 
1.79 (107) 
1.07 (15) 
1.08 (27) 
1.08 (42) 
2.16 (19) 
2.15 (4) 
2.13 (20) 
1.99 (16) 
2.28 (8)  
2.26 (13) 
1.77 (3) 
2.13 (83) 
1.02 (12) 
1.00 (22) 
1.01 (34) 
1.91 (17) 
1.92 (13) 
1.85 (12) 
2.56 (11) 
1.57 (3) 
2.22 (6)  
2.03 (62) 
1.08 (5) 
1.00 (18) 
1.02 (23) 
1.39 (26) 
1.45 (6) 
1.47 (10) 
1.48 (4) 
1.42 (15) 
1.40 (1) 
1.42 (62) 
1.02 (12) 
1.00 (16) 
1.01 (28) 
Overal1 
Mean 
1.95 (122) 
1.97 (41) 
1.99 (89) 
1.83 (151) 
2.05 (40) 
1.99 (70) 
1.61 (14) 
1.12 (100) 
1.15 (166) 
^Preceding crops beginning with most recent on left. C = corn, I = idle, M = meadow, 0 = oats, 
0|^ = oats plus meadow seeding, 0^ = other, Sb = soybeans, 
'^Number of observations in parentheses. 
Table 19, (Continued) 
Year 
Rotation 1964 1965 1966 1967 1968 1969 Overall 
Mean 
Sb-C 1 .52  (43 )  1 .55  (43 )  1 . 12  (46 )  1 . 46  (41 )  1 . 44  (59 )  1 .05  (31 )  1 .37  (263 )  
Sb-Sb 1 .32  (8 )  1 .33  (3 )  1 .02  (5 )  1 . 04  (5 )  — 1 .10  (3 )  1 .18  (24 )  
SB-O; 1.21(10) 1.09(11) 1.08(11) 1.00(4) 1.17(6) 1.13(3) 1.12(45) 
TOTAL Sb JLD4(61 )  WS (57 )  WO (62 )  W8  (50 )  (65 )  1 . 06  (37 )  
0^-C 1.44 (22) 1.49 (27) 1.12 (18) 1.41 (14) 1.73 (9) 1.26 (5) 1.41 (95) 
I-I 1.00 (1) — 1.00 (2) 1.00 (1) 1.00 (1) — 1.00 (5) 
I-C 1.53 (3) 1.05 (4) 1.28 (4) 1.90 (1) 1.40 (1) — 1.32 (13) 
0-C 1.80 (1) 1.07 (3) — 1.60 (1) 1.05 (4) — 1.20 (9) 
0^-Sb 1.70 (1) --- — 1.00 (3) 1.15 (2) — 1.17 (6) 
All Other — , — 1.00 (1) 1.00 (2) 2.10 (1) — 1.28 (4) 
TOTAL 0 L48 (28) LiO (34) Ul (25) LU (22) L48 (18) 1.26 (5) 
YEAR 
"TOTAL 1.63 (267) 1.57 (265) (236) Lii (189) L60 (168) 1.22 (132) 
86 
Table 20. Average damage ratings for clay-percentage groups and previous 
crop in Iowa from 1964 to 1969 
Previous Crop 
Percent Clay Corn Meadow Soybeans Other 
6-10 1.22 (10)3 1.03 (11) 1.10 (7) — — 
11-15 1:06 (9) 1.13 (6) 1.18 (5) 1.00 (2) 
16-20 1.85 (34) 1.11 (24) 1.22 (13) 1.24 (5) 
21-25 1.72 (176) 1.11 (90) 1.17 (84) 1.33 (42) 
26-30 2.03 (187) 1.15 (72) 1.31 (87) 1.34 (45) 
31-35 2.17 (93) 1.21 (47) 1.42 (83) 1.45 (26) 
36-40 2.41 (14) 1.15 (8) 1.38 (41) 1.34 (7) 
41-45 — — —  1.40 (1) 1.45 (2) — — —  
46-50 —  —  —  —  —  —  1.25 (2) —  —  —  
51-55 3.12 (4) 1.40 (1) 1.93 (11) 1.52 (5) 
^Number of observations in parentheses. 
Table 21. Average root-damage ratings for root-angle rating and years on 
corn-following-corn sites in Iowa 
Year 
Root 
Angle 1964 1965 1966 
Overal1 
Mean 
1.3-1.9 3.40 (2)b 1.98 (5) 1.76 (7) 2.07 
2.0-2.4 2.13 (28) 3.02 (24) 2.83 (22) 2.02 
2.5-2.9 3.72 (29) 3.68 (25) 1.61 (44) 1.92 
3.0-3.4 1.94 (26) 1.80 (14) 1.72 (20) 1.84 
3.5-4.5 1.00 (2) 1.80 (1) 3.90 (3) 2.62 
^Based on scale where 1 is a nearly horizontal root system and 5 is 
a nearly vertical root system. 
^Number of observations in parentheses. 
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Table 22. Average root-damage ratings for secondary-root rating and years 
on corn-following-corn sites 
Secondary 
Rating 
Year 
Overal1 
Mean 1964 1965 1966 
1.0-1.4 1.99 (8)b 1.13 (4) 3.45 (2) 1.95 
1.5-1.9 1.66 (15) 1.41 (9) 2.8C (1) 1.62 
2.0-2.4 1.80 (36) 2.09 (20) 2.52 (10) 2.00 
2.5-2.9 1.93 (25) 2.11 (19) 1.53 (24) 1.84 
3.0-3.4 2.56 (17) 1.76 (23) 1.88 (18) 2.03 
3.5-3.9 2.37 (7) 2.93 (15) 1.68 (23) 2.20 
4.0-4.4 3.12 (5) 1.89 (8) 1.63 (19) 1.93 
4.5-5.0 1.90 (1) 2.80 (1) 1.64 (10) 1.76 
^Rating system varies from 
secondaries). 
^Number of observations in 
1 (few secondaries) to 5 (many 
parentheses. 
Table 23. Average root-damage ratings for root-size ratings on corn-
foil owing -corn sites in Iowa from 1964 to 1969 
Root Size Rating^ Average Damage Rating Number Observations 
1.0-1.9 3.10 11 
2.0-2.9 2.36 96 
3.0-3.9 1.91 270 
4.0-4.9 1.59 141 
5.0 and Above 1.63 9 
ai=smallest roots and 5=largest roots. 
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Table 24. Average root-damage ratings for percentage root-rot and 
previous crop (1964-1966) 
Previous Crop 
Root Rot 
Percentage Corn Meadow Soybeans Varied® 
Overal1 
Mean 
0 2.03 (195)b 1.15 (92) 1.31 (101) 1.31 (50) 1.60 
10 1.86 (36) 1.22 (26) 1.31 (21) 1.22 (12) 1.48 
20 1.76 (33) 1.23 (18) 1.48 (17) 1.44 (5) 1.54 
30 1.85 (22) 1.30 (14) 1.31 (16) 1.44 (8) 1.52 
40 1.69 (10) 1.27 (7) 1.10 (2) 1.37 (6) 1.45 
50-60 1.67 (7) 1.21 (9) 1.26 (7) 1.38 (4) 1.37 
70-80 2.09 (10) 1.27 (7) 1.40 (3) — — —  1.70 
90-100 1.79 (7) 1.20 (8) 1.28 (13) 2.15 (2) 1.44 
^Includes oats, oats meadow and idle acres. 
'^Number of observations in parentheses-
Table 25. Average root-damage ratings for 75% silking date and previous 
crop (1964-1966) 
75% 
Silking 
Date 
Previous Crop 
Overal1 
Mean Corn Meadow Soybeans Varied? 
7/10-7/19 1.86 (14)b 1.18 (6) 1.30 (6) 1.58 
7/20-7/29 2.05 (166) 1.21 (92) 1.32 (121) 1.38 (61) 1.58 
7/30-8/9 1.86 (123) 1.18 (76) 1.34 (51) 1.26 (25) 1.52 
8/10-8/19 1.63 (15) 1.22 (6) 1.50 (2) 1.00 (1) 1.49 
8/20-8/29 2.05 (2) 1.00 (1) — 1.70 
3Includes oats, oats meadow and idle acres. 
'^Number of observations in parentheses. 
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Table 26. Average root-damage ratings for rainfall between 30 and 10 
days before silking date for each year of study 
Year 
Inches 
Rain 1964 1965 1966 
uveraii 
Mean 
0.0-0.9 1.69 (7)* 2.37 (7) 1.92 (15) 1.97 
1.0-1.9 1.83 (24) 1.98 (18) 1.90 (30) 1.90 
2.0-2.9 2.13 (29) 1.99 (30) 2.24 (20) 2.10 
3.0-3.9 2.14 (30) 2.20 (23) 1.73 (18) 2.05 
4.0-4.9 2.10 (14) 1.51 (8) 1.52 (9) 1.77 
5.0-5.9 2.01 (7) 2.50 (4) 1.13 (6) 1.82 
6.0-9.1 2.13 (3) 1.88 (9) 1.04 (9) 1.56 
^Number of observations in parentheses. 
Table 27. Average root-damage ratings for rainfall between 10 days before 
silking and silking date for each year of study 
Inches 
Rain 
Year 
Overal1 
Mean 1964 1965 1966 
0.0-0.4 3.45 (41)a 2.87 (35) 1.91 (34) 2.79 
0.5-0.9 1.72 (16) 2.09 (17) 1.50 (21) 1.75 
1.0-1.4 1.99 (7) 2.11 (17) 1.93 (22) 2.00 
1.5-1.9 2.65 (13) 2.30 (5) 2.02 (13) 2.32 
2.0-2.8 2.00 (7) 1.65 (4) 1.51 (10) 1.70 
3.1-3.9 —  — —  2.55 (4) 1.40 (4) 2.10 
4.0-5.1 — — —  —  —  —  1.97 (3) 1.97 
^Number of observations in parentheses. 
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Table ?8. Average rootr-damage ratings for rainfall between silking date 
and next 10 days for each year of study 
Year 
Inches 
Rain 1964 1965 1966 
Overal1 
Mean 
0.0-0.4 3.52 (22)a 2.01 (29) 3.01 (26) 2.78 
0.5-0.9 1.90 (21) 3.14 (23) 1.81 (30) 2.25 
1.0-1.4 1.90 (18) 2.31 (12) 1.99 (17) 2.04 
1.5-1.9 2.19 (10) 1.91 (8) 3.05 (6) 2.31 
2.0-2.9 2.74 (17) 1.86 (8) 1.72 (4) 1.67 
3.0-4.4 2.58 (4) 1.84 (7) — — —  2.11 
^Number of observations in parentheses. 
Table 29. Average root-damage ratings for rainfall between 10 and 30 days 
following silking date for each year of study 
Inches 
Rain 
Year 
Overal1 
Mean 1964 1965 1966 
0.0-0.4 1.49 (9)3 2.90 (1) 1.34 (18) 1.44 
0.5-0.9 1.40 (7) 2.34 (9) 1.26 (9) 1.69 
1.0-1.4 1.86 (13) 1.80 (10) 1.54 (14) 1.72 
1.5-1.9 1.95 (13) 2.40 (21) 2.38 (14) 2.27 
2.0-2.5 2.17 (17) 1.86 (17) 2.31 (15) 2.10 
2.6-2.9 . 2.22 (13) 1.77 (6) 2.19 (9) 2.11 
3.0-3.9 2.25 (29) 1.89 (18) 1.37 (15) 1.93 
4.0-4.9 1.91 (7) 2.12 (10) 1.97 (9) 2.01 
5.0-5.8 2.50 (4) 2.00 (3) 2.27 (3) 2.28 
6.1-7.7 2.20 (2) 1.38 (4) 1.90 (1) 1.68 
^Number of observations in parentheses. 
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Table 30 . Drainage-scale classification and Iowa soil examples included 
in each categorya 
CI ass Drainage Description Iowa Soils Included 
1 Excessive 
2 Excessive to Good Dickinson 
3 Good Tama, Fayette, Clarion, Marshall, Monona 
4 Moderately Good Kenyon, Shelby, Sharpsburg 
5 Somewhat Poor Primghar, Macksburg, Adair, Nicollet 
6 Somewhat Poor to Poor Floyd, Clearfield 
7 Poor Clyde, Colo, Webster 
8 Poor to Very Poor Luton 
9 Very Poor Napa, Glencoe 
drainage of sites estimated by Ray Dideriksen, Assistant State Soil 
Scientist, Soil Conservation Service and Dr. L.C. Dumenil, Iowa State 
University Agronomy Department. 
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Table 31. Unit of measurement, coding, key and interaction term associ­
ated with each vanate used in regression analyses 
Variate Code Key Interaction 
Angle 1 - 5 Rating scale 
Broadleaf weeds Pounds per acre/10 
Clay of soil Percentage X - 25 
Cultural practice 1 
2 
3 
4 
5 
6 
7 
8 
9 
Fall plow - no disk 
Fall plow - after disk 
Graham - Hoehme 
Spring plow - no disk 
Spring plow - after disk 
Sidewinder 
Hard ground list - no disk 
Hard ground list - disk 
Loose ground list 
Drainage 1 - 9 Rating scale X - 5 
Field operations Number (9 = 9 or more) 
Grassy weeds Pounds per acre/10 
Insecticide usage 1 - 9 Rating scale X - 5 
Leaf N Percentage in analysis X - 29 
Leaf P Percentage in analysis X - 28 
Leaf K Percentage in analysis X - 22 
Lodging Percentage (100% = 99%) 
Manure Tons/A 
PH pH to nearest tenth X - 6.4 
Planting date <10 
11 - 41 
>42 
April date - 20 
May date +10 
June date + 41 
X - 25 
Plant population To nearest hundred/100 
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Table 31. (Continued) 
Variate Code Key Interaction 
Previous silking date 0 # days before county mean X -• 4 
100 County mean 
1 __ # days after county mean 
Rainfall Total rain to nearest tenth 
Root damage Sum of ratings for 10 plants 
Root rot Percentage 
Rotation 11 Corn, corn, corn, corn X -• 1.56 
12 Corn, corn, corn, other 
13 Corn, corn, other 
14 Corn, meadow 
15 Corn, oats or soil bank 
16 Corn, soybeans 
17 Corn, other (idle) 
21 Meadow, soil bank 
22 Meadow, oats 
31 Soybeans, corn 
32 Soybeans, soybeans 
33 Soybeans, other 
41 Oats meadow, corn 
42 Idle, idle 
43 Idle, corn 
44 Oats, corn 
45 Oats meadow, soybeans 
Secondaries 1 - 5 Rating scale 
Slope % grade X - 3 
Soil N Pounds/A 
Soil F Pounds/A to tenths X - 15.0 
Soil K Pounds/A 
2,4-D damage Percentage 
Yield Nearest bu/A X - 105 
